Hydrographic data of temperature, salinity, oxygen, nitrate, phosphate, and silicate at 81 stations with 435 samples on 3 sections between the Azores, the Grand Banks of Newfoundland, and the Bermuda Islands are used to determine the mixing of water masses by optimum multiparameter analysis over the depth range 100-1500 m. The method optimally utilizes all information from our hydrographic data set by solving an overdetermined set of linear mixing equations for all parameters using the method of least squares residuals. It is shown that the method gives quantitative information on the influence of the various water masses of the western North Atlantic. The Gulf Stream and the North Atlantic Current appear as broad bands transporting large amounts of Western North Atlantic Central Water at their warm fl ank. Western Subarctic Intermediate Water and Shelf Water supplied by the Labrador Current and containing significant amounts of Labrador Current Water are found on their inshore side. The area of the Azores front is found in the vicinity of the Corner Seamounts, where the uniform water mass distribution of the Sargasso Sea changes into a more complex structure that reflects the influence of water masses originating in the Labrador Sea. Small-scale structures, like eddies or Gulf Stream rings, are also detectable by this analysis method. Comparison with dynamic height analysis supports the circulation pattern of the North Atlantic Current as a continuation of the Gulf Stream, and of the southeastward flowing Azores Current originating in the area of the Southeast Newfoundland Rise.
INTRODUCTION
The branching region of the Gulf Stream southwest of the Grand Banks has been studied by several authors during the past. Clarke et al. [1980] investigated the area between 36°N and Flemish Cap. Their results show the North Atlantic Current (NAC) as a continuation of the Gulf Stream, carry ing large amounts of warm water to the north, and a southern branch, called the Azores Current (AC), which fl ows east ward [Gould, 1985; Kiise and Siedler, 1982; Kiise et al., 1985] . Results from near-surface studies based on hydro graphic data, satellite-tracked buoys, and infrared images support this circulation pattern [Krauss et al., 1990] .
The discussion of the distribution and mixing of water masses presented here is based on hydrographic and nutrient data obtained along three sections between the Azores, the southern tip of the Grand Banks of Newfoundland, and the Bermuda Islands in the depth range 100-1500 m. The data set was discussed in detail by Krauss et al. [1990] , who analyzed the eddy fi eld and the branching of the Gulf Stream into the NAC and the AC.
The complex circulation of the area, which is strongly influenced by Gulf Stream meanders and rings, is reflected in high variability of the temperature, salinity, oxygen, and nutrient fields. Hydrographic parameters have often been used as indicators for determining the spreading of water masses and quantitative inventory of water masses. Water mass properties of this area were discussed by Wright and Worthington [1970] , Worthington. [1976] , and Clarke et al. [1980] , among others. Metcaif [1969] and Mann et al. [1973] give a description of the silica distribution.
The main feature below the surface layer is the Western North Atlantic Central Water (WNACW) transported by the Gulf Stream and the NAC. Multiparameter analysis repre sents all water masses by linear combinations of water types. Points in parameter space which belong to one of these linear combinations are referred to as source water types [Tomczak and Large, 1989] . The temperature-salinity (TS) properties of WNACW are specifi ed completely by only two water types, namely, the end points Pl = (7°C, 35.0) and P2 = (l8°C, 36.6) [Eme,y and Meineke, 1986] of its linear TS relationship. All its other source waters can be considered as linear combinations of these. It is worth stressing that this does not imply a particular mixing or formation process; WNACW is not formed by vertical mixing between Pl and P2 but by subduc tion from the surface along isopycnals. It does, however, offer an opportunity to represent WNACW as a linear combination of PI and P2 in quantitative mixing analysis.
The depth range of WNACW extends to 1000 m at mid-latitudes and decreases toward higher latitudes. Dis solved oxygen varies from 5.5 mL/L at the upper end of the range (P2) to a minimum of 3.5 mL/L at the lower end (Pl), while silicate increases from 2.5 µ,mol/L at the surface to about 15 µ,mol/L near 800 m. Below WNACW, Antarctic Intermediate Water (AAIW) originating f r om the Polar front of the southern hemisphere can be traced as far as 40°N by its low oxygen (3.5 mL/L) and high silica content (22 µ,mol/L) centered at about 1000-m depth. Defant, 1936] , which shows a westward protruding tongue with core layer anomalies of more than 30% MW reaching as far as 50°W.
The presence of the southward fl owing Slope Water Current [McLel/an, 1957) [Krauss et al., 1990] 
DATA AND METHODS
The data were obtained by R/V Poseidon in 1987 and described by Krauss et al. [1990) . The area of observation was surveyed by three hydrographic sections spanning a triangle Azores-Newfoundland-Bermuda-Azores (Figure 1) Tomczak and Large [1989) , 1993) .
Only data in the depth range of upper and intermediate waters (0--1500 m) will be considered in the analysis. Be cause of the relatively coarse vertical resolution of the rosette sampler, this gives six observation levels at every station. Samples were taken at depths of 100, 400, 600, 800, 1000, and 1500 m along the sections from the Azores to the Newfoundland shelf and from Newfoundland to the Ber muda Islands. Observation depths changed to 100, 400, 600, 900, 1200, and 1500 m along the section from the Bermuda Islands to the Azores. Deviations from these depths were of the order of a few meters throughout; therefore vertical representation of results from our analysis is based on nominal depths.
RESULTS
The results of our study are presented in two ways. The first part of the analysis shows averaged results for groups of stations along the three sections. This gives an overview over the large-scale distribution of water masses and identi fies the major constituents of the different hydrographic regions within the observation area, allowing a first assess ment of the mean circulation. The second part addresses the detailed structure of the water mass distribution by analyz ing individual stations. The relative contribution, or fraction, of each water mass is presented in three sections through the Gulf Stream, the NAC, and the AC, to demonstrate the probable lateral and vertical changes that result from the mixing processes involved.
Because of the low vertical resolution of bottle casts, representation of results by means of contour plot along vertical sections depends to a large extent on the interpola tion algorithm. Another difficulty is that most contouring routines find it difficult to contour data if plotted features are present at single stations only. For these reasons we decided to present our results in the form of pie charts and color coded box graphs, which are more appropriate to the density of our data set. The definitions of water masses for the application of OMP analysis in the branching region of the Gulf Stream, includ ing the computed weights for the observed parameters, are given in Table I , and a schematic representation of the typical TS characteristics is shown in Figure 2. 3.1. Large-Scale Distribution 3.1. I. Azores-NeHfoundland section. Plate la shows the mean percentages of the water masses found between the Azores and Newfoundland (no solution could be obtained for the group of stations located at 40°39'N, 38°32'W, for the 100-m level owing to the lack of sufficient nutrient informa tion). The upper waters east of 45°W were dominated by WNACW, which reached its maximum of 92.6% in the area of the warm flank of the NAC at 100-m depth. It is worth noting that WNACW is defined through two source water types (Table l) and the fractions of WNACW given in this and the following figures are specified as the sum of the amounts of the upper and lower source water types. Shelf Water (SH), a water mass originating at the continental shelf of America, and water formed in the Labrador Sea trans ported by the Labrador Current (Labrador Current Water) complete the structure. The largest contribution of LCW is found at depths of 100 m, whereas the denser SH is more evident in the depth range between 400 and 600 m. Central Water is present throughout the 100 to 600 m depth range, decreasing downward. Further down, the infl uence of LCW and SH becomes insignificant while the influence of WNACW grows, reaching its maximum in the main thermo cline at 800-m depth. Krauss et al. [1990] , who found the crossing of the AC at the same location. The strongest contrast in the water mass distribution occurs in the depth range between 100 and 900 m, again in good agreement with the results of Krauss et al. [1990) Krauss et al. [1990] [Fuglister, 1971) [Ring Group, 1981] . Cheney and Richardson [1976] [Krauss et al., 1990] .
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esher as a result of relatively large LCW and SH fractions (>5% and >30%, respectively). The region be tween stations 257 and 255 was occupied by a cold core ring (approximately 5°C colder and 1 psu less saline at the 100-m level compared with the surrounding contributions) of ellip tic shape centered near station 256 (Figure 3). This ring was covered by only eight stations during the hydrographic survey, and although additional temperature and salinity data are available, a detailed study of its mixing regime is impossible for lack of detailed nutrient information. Another cold core ring appears near station 270 marked by an increased NADW fraction at and below the 800-m level. In contrast to the situation with the ring centered near station 256, this ring contained no LCW and SH fractions; the depth range 100--400 m was completely filled by WNACW. Cold core rings are generally formed by south-extending meanders of the Gulf Stream east of the American continent off Cape Hatteras
. They have a cold core of Slope Water from north of the Gulf Stream and they can drift for more than a year in the Sargasso Sea
To the north of the Azores front (the eastern end of the section), the section cuts again through a region dominated by the NAC and its eddies. The most prominent eddy feature occurs around station 31 1, where anomously cold and fresh water was observed, clearly visible by the increase of the LCW fraction (15%) and particularly the SH fraction (45%) in deeper layers.
Krauss et al. [1990] [Sy, 1988] . stations yield the correct value for the conservation of mass within 0.5%. Figures 6b through 6f give the results of a subdivision of all available solutions into groups with differ ent numbers of water masses used in the analysis. It is seen that the residuals decrease with increasing number of source water types. The largest residuals are found in cases where the solution consists of a single water mass, i.e., the station is located in the formation region of the water mass. Largest residuals for solutions yielding only a single water mass were mainly occupied in the 100-m level, especially in the regions of 100% WNACW. Since nutrients at this level could not be defined as completely conservative owing to biological ac tivities, larger residuals in the fractions of these water masses might also be related to variability in production and consumption of nutrients. This effect seems to be produced by variability of source properties in space and time and related to the nonnegativity constraint of OMP analysis, although the size of the residual depends on the number of degrees of freedom in the regression. The error can be made negligible compared with uncertainty in the solution caused by uncertainty in the initial data [Lawson and Hanson, 1974] . The OMP analysis can yield zero residuals exactly with the expense of increased uncertainty in the regressed parameter estimates, in the case that enough water masses are available.
Consider, for example, the source characteristics of AAIW, which is one of the freshest of the oceanic water masses. If AAIW during a particular year happens to be slightly fresher than average (which is the value used in the definition matrix), classical mixing analysis for a station in the source region would indicate an AAIW fraction > 100%, balanced by a negative fraction of another water mass; it would also satisfy mass conservation exactly. OMP analysis enforces a positive solution for all water masses at the expense of mass conservation. This problem occurs only at the extreme ends of the parameter ranges (which by defini tion are the unmixed source water masses). Mixed water bodies always have characteristics with positive solutions for all fractions.
The analysis of error estimation yields different results for the expected three error sources. Deviations due to mea surement errors are insignificantly small (0.7%). In general, there is no effect on the small-fraction water types. Errors in the source water definition are on average not larger than 2.5%. One has to take into account that the complete water type definitions were altered by the variance of the mostly observed WNACW, reflecting the strong influence of its seasonal and interannual variations due to different atmo spheric conditions in their formation regions. These values of variances and the corresponding deviations seem to be too high for the other water types considered, e.g., AAIW and 
SUMMARY AND CONCLUSIONS
This paper reports on an application of optimum multipa rameter analysis, an extension of classical temperature salinity analysis [Tomczak, 1981] [Ring Group, 1981) . A cold core ring observed south of the main axis of the Gulf Stream can be identifi ed as an isolated feature containing large amounts of LCW and SH in the upper water and a remarkably large contribution of NADW toward shallower depth. Comparisons in water mass distri bution of two different cold core rings represent their actual stage of development [Ring Group, 1981) , which also might give some information on their relative age.
Furthermore, the majority of the eddies are characterized by either a vertical displacement of NADW in deeper layers (Sargasso Sea) or the existence of water masses in the main thermocline such as LCW and SH which originate in the north (an example is the eddy located near the Azores). OMP analysis thus not only supports the pattern of the mean circulation in the western North Atlantic but can also give an indication of the eddy formation regions.
Maps of the water mass distribution show remarkable similarity to the dynamic height fi eld. The position of the main axis of the Gulf Stream and the NAC is clearly seen in the water mass distribution. The Gulf Stream axis and the core of the NAC are near congruent with contours of WNACW and LCW content at the 100-m level. The Azores Current, which originates in the transition region between the Gulf Stream and the NAC [Klein and Siedler, 1989] , is characterized by increased presence of Labrador Current and Shelf Water in the main thermocline; this has a major infl uence on the water mass distribution east of the Sargasso Sea.
